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Hysteretic phenomena in a 2DEG in quantum Hall effect regime studied in a
transport experiment
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We investigated experimentally non-equilibrium state of a two-dimensional electron gas (2DEG)
in the quantum Hall effect (QHE) regime, studying the hysteresis of magnetoresistance of a 2DEG
with a constriction. The large amplitude of the hysteresis enabled us to make the consistent phe-
nomenological description of the hysteresis. We studied the dependence on the magnetic field sweep
prehistory (minor loop measurements), recovered the anhysteretic curve, and studied the time de-
pendence of the magnetoresistance. We showed that the hysteresis of magnetoresistance of a 2DEG
in the QHE regime has significant phenomenological similarities with the hysteresis of magnetization
of ferromagnetic materials, showing multistability, jumps of relaxation, and having the anhysteretic
curve. Nevertheless, we revealed the crucial difference, manifested itself in an unusual inverted
(anti-coercive) behavior of the magnetoresistance hysteresis. The time relaxation of the hysteresis
has fast and slow regimes, similar to that of non-equilibrium magnetization of a 2DEG in QHE
regime pointing to their common origin. We studied the dependence of the hysteresis loop area on
the lithographic width of the constriction and found the threshold value of width ∼1.35 µm beyond
which the hysteresis is not observed. This points to the edge nature of the non-equilibrium currents
(NECs) and allows us to determine the width of the NECs area (∼0.5 µm). We suggest the qual-
itative picture of the observed hysteresis, based on non-equilibrium redistribution of the electrons
among the Landau level states and assuming huge imbalance between the population of bulk and
edge electronic states.
PACS numbers: 71.10.Ca, 71.70.Di, 73.43.Qt
I. INTRODUCTION
A two-dimensional electron gas (2DEG) in the quan-
tum Hall effect (QHE) regime demonstrates a number
of intriguing phenomena that are not fully explained up
to date. Among them are non-equilibrium phenomena
manifested in hysteresis of sheet electron density,1–3 mag-
netization (see for review Ref.[4]) and electrochemical
potential5,6 as a function of magnetic field and gate volt-
age (for gated structures). The hysteresis was observed
in an ordinary single-layer 2DEG in nonmagnetic materi-
als such as Si MOSFETs and AlGaAs/GaAs heterostruc-
tures at integer and fractional filling factors correspond-
ing to a longitudinal resistance (RL) vanishing.
It was found that the hysteretic variations of
magnetization4 and electrochemical potential5,6 exceed
equilibrium values by a factor of 10-60. In contrast the
conventional electron transport measurements in QHE
regime with vanishing RL are not sensitive to the hys-
teresis, though, the question of a probable indirect influ-
ence of the non-equilibrium on the transport properties
of 2DEG still remains open.
Recently in a number of papers it was demonstrated
that creation of a constriction in a macroscopic bath
of 2DEG allows to reveal the hysteretic behavior in
magnetoresistance7? –11.
It was shown that at low temperatures (lower than
100 mK) the hysteresis relaxes over a day10 which is far
beyond the time usually spent on a conventional mea-
surement (a magnetic field sweep) in the QHE regime.
In terms of usual magnetic hysteresis description12 this
type of hysteresis is considered as time-independent.
The most common explanation of the hysteretic phe-
nomenon is based on non-equilibrium currents (NECs)
slowly relaxing providing RL vanishing. But there are
no unambiguous models in the literature, adequately
describing this phenomenon. The detailed considera-
tion of NECs induction is proposed in the Ref. [13],
but it concerns only the case of weak non-equilibrium.
Ruhe et al.14 studied the case of time-dependent hys-
teresis. The most developed model up to now15 is based
on the assumption of redistribution of “frozen” charges
over the whole bulk area of the 2DEG16. These charges
give rise to the radial (for the disk geometry) electric
field that in turn gives rise to azimuthal drift magne-
tization current. The magnetization maximum is de-
termined by the QHE breakdown current, calculated in
the frames of quasi-elastic inter-Landau level scatter-
ing (QUILLS) approach.17 The mentioned model cor-
rectly describes experimentally observed linear temper-
ature suppression of the hysteresis amplitude observed
both in magnetization15 and constriction conductance.7,8
But the magnetization maximum calculated in the model
is less than experimentally obtained value by a factor of
4. Moreover, the model predicts bulk NECs distribution,
which, to our opinion, contradicts with experimental data
of Klaffs et. al.6
In the present work we study the hysteresis of the mag-
netoresistance of the conventional 2DEG with constric-
tion, placed in it. It was found that at certain critical
2width of the constriction the hysteresis of the magne-
toresistance vanishes. This observation strongly suggests
that NECs are localized near the edge of the sample.
A phenomenological comparison of the 2DEG magne-
toresistance hysteresis in the QHE regime with the hys-
teresis of magnetization of ordinary ferromagnetic mate-
rials is performed. Particularly, we discuss the depen-
dence on the magnetic field sweep prehistory for both
cases, studying minor loops, anhysteretic curves and
time relaxations. Mostly we observe a similar behav-
ior. However significant difference has been found mani-
fested itself in unusual advancing (anti-coercive) response
(2DEG magnetoresistance) to external parameter (mag-
netic field) change, which is just opposite to the behavior
of ferromagnetic materials.
We compare our results with the hysteresis of magne-
toresistance in systems with pseudo-spin degree of free-
dom — so-called “quantum Hall ferromagnets”18–20. In
some cases (see e.g. Ref. [18]) analogical anti-coercive
behavior is found. This phenomenological similarity sug-
gests that there are similar mechanisms underlying the
origin of the hysteresis both in ordinary 2DEG and in
QH ferromagnets.
In addition to the phenomenological description, we
provide a qualitative picture of a spatial distribution of
NECs and electrochemical potential in the sample.
The paper is organized in the following way. In Sec. II
we describe the experimental detail. In Sec. III we
present the experimental data of following measurements:
the magnetoresistance of the 2DEG with the constriction
in the QHE regime, minor loop, anhysteretic curve, time
relaxation dependence of the magnetoresistance, and the
dependence of the magnetoresistance hysteresis loop area
on the lithographic width of the constriction and discuss
them. In Sec. IV we develop a detailed qualitative picture
of spatial distribution of NECs in a sample, explaining
the hysteresis of the magnetoresistance of the constric-
tion as well as the non-equilibrium magnetization of a
2DEG in the QHE regime. We discuss inverted (anti-
coercive) behavior of the hysteresis and compare the hys-
teresis of the magnetoresistance with the hysteresis of the
ferromagnetic materials magnetization. We conclude in
Sec. V.
II. EXPERIMENTAL DETAILS
Experimental samples were fabricated from
GaAs/AlGaAs heterojunctions with 2DEG of two types
(type I and type II) grown in different cycles of molecular
beam epitaxy. The electron mobility µ and spacer layer
thickness d are µ=0.6÷0.8×106 cm2/V·s and d = 400 A˚
in the type I sample and µ=0.8÷1.0×106 cm2/V·s
and d = 300 A˚ in the type II sample. The electron
densities of the macroscopic 2DEGs of both types are
ns=3×10
11 cm−2 at the temperature of 4.2 K. Hall
bars of the dimensions W×L=50×100 µm2 have been
created on the surface of the heterostructures by means
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FIG. 1. The magnetoresistance of the samples of the type
I. At the centers of the plateaux of macroscopic 2DEG Hall
resistance RH = U36/I12 at odd and even integer filling
factors a giant hysteresis of longitudinal magnetoresistance
RL = U35/I12 is observed. The geometry of the sample is
shown in the inset.
of photolithography. In the middle part of the Hall bars
constrictions of the effective width 0.6÷0.8µm and the
length 3 µm have been created by means of electron
beam lithography (see the inset of Fig. 1). The samples
of the both type allow to measure longitudinal magne-
toresistance RL = U35/I12 and Hall magnetoresistance
of macroscopic 2DEG RH = U36/I12. The measurements
are carried out in the linear response regime on the
alternating current of the magnitude 1÷10 nA and
the frequency 7 Hz at the temperature of 60 mK. The
magnetic field covering a range of 0÷15T was oriented
perpendicular to the 2DEG.
III. EXPERIMENTAL RESULTS
First, we have studied the type I samples. A giant hys-
teresis of longitudinal magnetoresistance RL of the con-
striction with respect to magnetic field sweep direction
is observed in magnetic fields corresponding to centers of
the plateau of macroscopic 2DEG Hall resistance RH at
both odd and even integer filling factors (Fig. 1). The ef-
fect is independent on a direction of magnetic field. The
most pronounced hysteresis loop is observed near the fill-
ing factor ν = 1 in the range of filling factors between
νh1 = 0.95 and νh2 = 1.07 on the background of macro-
scopic 2DEG Hall plateau observed in the range of filling
factors between ν1 = 0.85 and ν2 = 1.22 (Fig. 1). The
hysteresis has the amplitude 10 kΩ amounting to 100% of
measuring signal and the width width of the hysteresis is
1.2 T at filling factor ν = 1. Drastic step-like rise of the
3magnetoresistance from zero up to 10 kΩ at up-sweep of
the magnetic field and sharp drop down to zero at down-
sweep of the magnetic field allows us to consider this
behavior as the magneto-induced breakdown of QHE.
The large amplitude of the hysteresis made it possible
to carry out a detailed study. It has been found that the
response of the system (magnetoresistance) outpaces the
external excitation (magnetic field change) rather than
retards from it, unlike the case of ferromagnetic magne-
tization. In mathematical terms the hysteresis loop is
negatively oriented curve, while in ferromagnetic mate-
rials the hysteresis loop is positively oriented. One can
see that the magnetoresistance dramatically changes at
the entrance to the area of hysteresis, that is |dR/dB|
tends to a huge value, and it remains almost unchanged
when leaving the area. In the case of retarded behavior
the magnetoresistance would practically not be changed
at the entrance to the area of hysteresis, that is |dR/dB|
would be close to zero. In this sense the observed hystere-
sis is abnormally inverted having a negative coercivity in
contrast to the ferromagnetic magnetization.
The magnetoresistance of the type II sample also
demonstrates the hysteresis of magnetoresistance (Fig. 2)
in the range of filling factors between νh1 = 0.96 and
νh2 = 1.06 on the background of macroscopic 2DEG Hall
plateau observed in the range of filling factors between
ν1 = 0.88 and ν2 = 1.16. One can see that the hysteresis
of magnetoresistance of the type II samples is observed
at the same range of filling factors as in the type I sam-
ples but it does not demonstrate a giant amplitude and
drastic jumps. This distinction is probably resulted from
the differences in heterostructures parameters and needs
to be discussed separately. Nevertheless, we succeeded
to reveal inverted (anti-coercive) behavior of the magne-
toresistance hysteresis of the type II sample studying the
form of minor hysteretic loops. One can see that a change
of the magnetic field sweep direction inside the major
hysteretic loop leads to dramatic change of the magne-
toresistance, i.e. the derivative |dR/dB| tends to a huge
value (Fig. 2(a)), while the retarding behavior would cor-
respond to zero |dR/dB| (as in the case of minor loops
of ferromagnetic materials, where |dM/dH | = 0). More-
over the analysis of the minor loops allows us to conclude
that there is a large number of sample states inside the
major hysteresis loop, and therefore the sample state is
multistable.
It is generally accepted that long-lived NECs are in-
duced on the background of Hall plateaus where σxx is
vanishing. Our measurements shows that the range of ex-
istence of the hysteresis ∆νh is approximately 3 times less
than the Hall plateau width ∆ν: ∆νh/∆ν≈1/3. That is
the condition σxx ≈ 0 is necessary but not sufficient to
observe the hysteresis.
To perform consistent phenomenological comparison of
the 2DEG magnetoresistance hysteresis in QHE regime
with the hysteresis of magnetization of ferromagnetic
materials we have measured the anhysteretic curves
(Fig. 2(b)). Each experimental point Ri(Bi) has been
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FIG. 2. The hysteresis of the magnetoresistance of the II type
sample at the filling factor ν = 1. (a) Major and minor loops.
(b) Anhysteretic curve. Arrows indicate the magnetic field
sweep direction. The sweep-rate is 0.05 T/min. The geometry
of the sample and relaxation are shown in the insets. One can
see the fast relaxation regime with τ=2.4 s. The relaxation is
occurred by jumps simultaneously in both structures.
obtained by cycling the magnetic field around Bi with a
decreasing amplitude. The form of the anhysteretic curve
and its position inside the loop are phenomenologically
similar to that of ferromagnetic materials.
We have studied the time relaxation of the hystere-
sis, measuring the time dependence of the magnetoresis-
tances of two conducting channels situated in the same
Hall bar and separated by macroscopic 2DEG reservoir
of the length of 250 µm and the width of 50 µm (see the
top inset of Fig. 2(a)). The dependencies are shown in
the insets of Fig. 2(a) and (b). The curves have been ob-
tained after stopping the up-sweep of the magnetic field
at the value 12.25 T, corresponding to the filling factor
ν = 1 where the hysteresis has the maximum amplitude.
It has been found that time relaxation has two phases:
the fast initial one followed by slow phase. After stopping
the magnetic field sweep we have observed the fast ex-
ponential relaxation by relatively small value (less than
25%) with relaxation time 2.4 s (see the bottom inset of
4Fig. 2(a)). Such relaxation time is too big to be explained
by spin-orbital coupling mechanism of relaxation21,22 and
resembles the nuclear relaxation time in GaAs which
is about 30 s.23,24 It should be noted that the non-
equilibrium magnetization relaxes in the similar way.25
It also has regime of initial exponential decay followed
by a much slower power-law decay, however the relax-
ation time in the first regime is longer (∼20 s) than ob-
tained in our work. In Ref. [15] it has been suggested that
magnetic field change results in QHE breakdown accom-
panied by electron transitions between adjacent Landau
levels with opposite spin. The observed fast relaxation
can be explained by such inter-Landau levels scattering
and brings the system to a local (not global) minimum
of energy after stopping the magnetic field sweep. Ac-
cording to Ref. [15] such scattering results from QUILLS
process17 and takes place in a part of the sample where
the maximum electric field is reached. In Refs. [15, 16]
it is suggested that maximum electric field is reached in
the bulk of a sample. However our results are sensitive
to the sample edge (see Section IV) since the magnetore-
sistance is defined by the edge states filling. This allows
us to conclude that QHE breakdown takes place at the
sample edge.
Further relaxation is much slower. During the next
40 min the resistances of both structures relax by a small
value (∼20%). Moreover the most notable changes are
occurred by sudden jumps simultaneously in both remote
structures (see the inset of Fig. 2(b)). Taking into ac-
count that the structures are separated by macroscopic
2DEG reservoir of the length of 250 µm and the width of
50 µm it can be concluded that these jumps are caused
by relaxation process in the macroscopic 2DEG reser-
voir. This observation once again confirms the conclu-
sion that the narrow conductive channel is a tool for the
study of the non-equilibrium phenomena taking place in
a macroscopic 2DEG.7 The observed stepwise relaxation
is phenologically similar to Barkhausen jumps observed
in the ferromagnetic materials and originating from spin
domain structure transformations.12
A formation of a spatial spin polarization in a single
quantum wire has been considered in Ref. [26] and it has
been shown that this would result in hysteresis in elec-
tron transport measurements. However, all the calcu-
lated characteristics demonstrate the conventional coer-
cive behavior. Consequently, the spin mechanism is not
relevant to our results. Moreover, earlier it have been
shown that the hysteresis of magnetoresistance is inde-
pendent on the in-plain component of magnetic field.8 It
allowed us to conclude that the hysteretic effect is not
related to the electron spin.
The measurements of non-equilibrium magnetization
of a 2DEG also show stepwise relaxation.11 It should be
noted that transport measurements give a valuable com-
plementary information about the non-equilibrium state
of a 2DEG. Fact is that the magnetization is an integral
characteristic determined by the sum of all the magnetic
moments, which are caused by all magnetization currents
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FIG. 3. The dependence of the hysteresis loop area on the
constriction width at the filling factors ν=1 and 2 at temper-
ature 0.48 K.
in a sample, while the magnetoresistance is sensitive to
a local electrochemical potential of edge states. Particu-
larly in this paper we succeed to observe the correlation
between the relaxation of magnetoresistance of two re-
mote constrictions and have established that NECs are
localized near the edge.
To determine the width of spatial localization of NECs
the dependence of magnetoresistance hysteresis loop area
on the lithographic width of the constriction has been
experimentally studied. For this purpose we used the se-
ries of samples fabricated from the same heterostructure.
The samples were the Hall bars with constrictions of dif-
ferent widths. The constrictions of widths from 0.8 µm
to 1.3 µm have been fabricated by means of electron
beam lithography in the central part of Hall bars. All
the constrictions have low resistance in zero magnetic
field (0.2÷0.8 kΩ) and demonstrate QHE in high mag-
netic fields. At the temperature of 0.48 K the hysteresis
of magnetoresistance have been observed at the filling
factors ν=1, 2 and 4 for all the samples. Fig. 3 shows
the hysteresis loop area as a function of the constriction
width at the filling factors ν=1 and 2. Experimental
points are well fitted by linear functions. One can see that
the hysteresis loop area decreases with the constriction
width and vanishes at certain critical width W0. More-
over these critical widths coincide for both filling factors
and are about W0 ≈1.35µm. Assuming that the critical
lithographic width comprises of two counter-propagating
NECs of the widthWNEC and two depletion regions of the
width Wdepl ≈0.2µm: W0 = 2WNEC+2Wdepl, we obtain
WNEC ≈0.5µm is comparable with the depletion width.
The edge character of NECs has been also reported in
the Ref. [6] devoted to the study of spatial distribution
of the non-equilibrium electrostatic potential on a 2DEG
surface, where it has been shown that the most significant
changes of potential take place close to the edge.
The observed hysteresis of magnetoresistance exhibits
the following properties: (i) it has two phases of relax-
5ation, fast and slow; (ii) the slow relaxation is occurred by
jumps resembling the Barkhausen jumps in ferromagnet-
ics; (iii) it demonstrates inverted anti-coercive behavior;
(iv) it shows multistability and has an anhysteretic curve;
(v) it can be observed in sufficiently narrow channel thus
pointing out its edge character.
IV. DISCUSSION
The existing physical models are able to interpret only
separate experiments. Unfortunately there is no any
model which would not contradict all the set of exper-
imental data on the non-equilibrium state in a 2DEG in
the QHE regime. Analyzing the experimental data ob-
tained in our and other studies4,6,7,14,15 we suggest such
a qualitative picture. We propose the picture of spatial
distribution of NECs in a 2DEG and discuss its relation
to the experimentally observed non-equilibrium magneti-
zation of the 2DEG. For simplicity, we consider a 2DEG
at the filling factor near ν = 1, when electrons form the
incompressible liquid on the first Landau level and inter
Landau level scattering is assumed to be suppressed.
A. Magnetoresistance of constriction
The obtained experimental data on the magnetoresis-
tance can be interpreted in the frame of the following
physical picture.
Down-sweep of the magnetic field gives rise to the vor-
tex electric field that induces outflow of the electrons
from the bulk to the edge.2,27 In this case the area of
the incompressible liquid increases and the edge chan-
nels are shifted closer to the lithographic borders of the
sample. It means that the counter-propagating edge cur-
rents in the constriction become more distant from each
other (Fig. 4(a-c)) than in the case of equilibrium state
and the backscattering is suppressed. In the type II sam-
ples the magnetoresistance is indeed lower than its equi-
librium value on the anhysteretic curve. In the type I
samples at filling factor ν = 1 the decrease of magnetic
field leads to complete suppression of the backscattering
in the constriction, manifested in the vanishing of the
longitudinal magnetoresistance and the establishment of
the QHE regime.
Up-sweep of the magnetic field leads to vortex electric
field, which in turn induces outflow of the electrons from
the edge to the bulk. In this case the area of the in-
compressible liquid decreases and the edge channels are
shifted away from the lithographic border of the sample.
The counter-propagating edge currents in the constric-
tion come closer together (Fig. 4(d-f)) than in the case of
equilibrium state and the backscattering increases. This
results in magnetoresistance rise as we have observed in
both types of the samples. The magnetoresistance of
the type II samples is indeed higher than its equilibrium
value on the anhysteretic curve. In the type I samples
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scopic 2DEG (a), (d) and in the constriction (b), (e) and top
view of the 2DEG with narrowing (c), (f) at up- and down-
sweep of the magnetic field correspondingly at the filling fac-
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not occupied (f) with incompressible liquid in different mag-
netic field sweep direction. Arrows designate nonequilibrium
currents.
at the filling factor ν = 1 the increase of magnetic field
switches the constriction from the QHE regime to the
resistive state. In other words, the magnetic field sweep
leads to magnetic field induced QHE breakdown.
B. Non-equilibrium magnetization
Let us consider how the proposed picture corresponds
to the non-equilibrium magnetization measurements.
The spatial distribution of the NECs have been discussed
in Refs. [4, 14, 15]. However, the details of the men-
tioned models are not fully consistent with the exper-
imental data obtained up to date. In particular, the
model proposed in Refs. [4, 15] assumes that the non-
equilibrium charge is redistributed over the whole plane
of a 2DEG and consequently the electric field is formed
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FIG. 5. The structure of the non-equilibrium edge currents
at down- (a) and up-sweep (b) of the magnetic field.
in the bulk. This contradicts experimental data obtained
in the present study and discussed in Ref. [6] pointing to
the fact that the non-equilibrium charge redistribution
takes place only near the edge. In Ref. [14] the spatial
distribution of the magnetization currents at the 2DEG
edge is qualitatively described (Fig.8 in [14]), but the
provided picture corresponds rather to equilibrium state
because the common Fermi level for the bulk and the edge
is introduced, up to which all the electronic states are oc-
cupied. Besides in this case the observed magnetization
should not exceed the amplitude of the equilibrium dHvA
oscillations while the experimental non-equilibrium mag-
netization is about 20÷60 times larger.
The decrease of magnetic field at the filling factor ν = 1
shifts the electrons from the bulk to the edge within the
first Landau level. Due to the fact that the area occu-
pied by the bulk states is much larger than that occu-
pied by the edge states one can neglect the changes of
the electrostatic potential in the bulk and consider that
it remains flat. In this case the most significant changes
are occurred near the edge, where a dipolar strip decreas-
ing the electrostatic potential in the bulk and increasing
it near the edge is formed. The electrons on the first
Landau level populate the edge states up to the level of
non-equilibrium electrochemical potential µdown exceed-
ing the potential of the empty bulk states by the value
∆µ (Fig. 5(a)). In the crossed electric and magnetic fields
the electrons drift along the edge forming the magneti-
zation current approximately equal to e2/h · ∆µ. This
current corresponds to the experimentally observed non-
equilibrium paramagnetic magnetization.14,15
The increase of magnetic field at the filling factor ν = 1
leads to more complicated distribution of the magneti-
zation currents. The outflow of the electrons from the
edge to the bulk leads to the formation of the dipolar
strip near the edge that rises the electrostatic potential
in the bulk and forms the potential well near the edge
followed by the depletion region. It means that the elec-
trostatic potential is non-monotonic and has a minimum
near the edge, caused by interplay of two oppositely di-
rected electric fields: the field of overpopulated bulk and
the depletion field (Fig. 5(b)). On either side of the po-
tential minimum the incompressible electron liquid forms
counter-propagating drifting currents — giant diamag-
netic current flowing closer to the bulk and low paramag-
netic current flowing in close proximity to the edge. The
presence of the paramagnetic current is confirmed by the
experimental fact that the sign of the Hall resistance RH
does not depend on the magnetic field sweep direction in
a given orientation of the magnetic field. Hence the direc-
tion of the transport current, flowing along the edge of a
sample, coincides with the direction of the paramagnetic
current as in case of equilibrium state.
Edge states are populated up to the non-equilibrium
electrochemical potential level µup so that the empty
edge states on the first Landau level are lower than pop-
ulated bulk states by the value of ∆µ. The total magne-
tization current is dominated by the giant diamagnetic
current e2/h · ∆µ. To explain the experimentally ob-
served giant non-equilibrium magnetization of a 2DEG4
it is necessary that ∆µ ≥ (20 ÷ 60)h¯ωc, where ωc is a
cyclotron frequency.
Here we do not discuss the finite magnetic field range
of the hysteresis loop as it requires detailed consideration
of disorder in nonlinear screening conditions.28
C. Anti-coercive behavior
There are two possible reasons for anti-coercive behav-
ior: (i) an abrupt movement of the boundary of the in-
compressible liquid at small change of the magnetic field,
(ii) topological transitions in quantum Hall liquid. Dis-
cuss them in more detail.
(i) at the filling factor ν = 1 the magnetic field change
∆B causes the shift of the boundary of the incompress-
ible liquid relative to the lithographic edge. Besides, the
larger the sample the smaller the change of the magnetic
field ∆B is required to shift this boundary by an amount
of the order of the depletion width. For example for disk-
shaped 2DEG of radius R:
∆B ≈
Wdepl
2R
·B. (1)
(ii) As seen from Figs. 4(c) and 4(f) the shift of the
boundary of the incompressible liquid leads to topological
transitions in quantum Hall liquid. Fig. 4(c) corresponds
to the total transmission of the edge channels through the
constriction, while Fig. 4(f) corresponds to the intense
backscattering. Thus, a small change of the magnetic
field leads to a drastic change of the magnetoresistance.
Topological transition has been observed in samples
of type I: the vanishing of the longitudinal magnetore-
sistance has been observed indicating total suppression
of backscattering in the constriction at down-sweep of
the magnetic field, while up-sweep of the magnetic field
causes sharp jump of the magnetoresistance from zero to
10 kΩ. Abrupt movement of the boundary of the incom-
pressible electron liquid at small change of the magnetic
field is inevitably realized in the both types samples. This
is manifested itself in the sharp changes of the magnetore-
sistance in minor loops measurements.
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FIG. 6. Hysteresis of 2DEG magnetization (large loop) in
QHE regime against the de Haas - van Alphen oscillations
(thick line) is inverted (anti-coercive behavior) that is the re-
sponse advances the magnetic field sweep. Small loop demon-
strates the retarding (coercive) behavior.
The discovered unusual anti-coercive behavior is in ac-
cordance with the law of energy conservation. Consider
the behavior of the non-equilibrium magnetization of a
2DEG in the QHE regime. In Fig. 6 a typical hysteresis
of the magnetization on the background of dHvA oscil-
lations at the filling factor ν = 1 is shown.15 The sys-
tem response (magnetization) also advances the exter-
nal parameter (magnetic field) change as in the case dis-
cussed. However the total work performed by the system
−
∮
MdB (shadow area in Fig. 6) is negative, that is in
accordance with energy conservation law. Retarding re-
sponse behavior would correspond to the positive total
system work (dashed area in Fig. 6) per cycle contrary
to the law of conservation of energy.
D. Comparison with ferromagnetics
Let us compare the observed hysteresis of magnetore-
sistance with the hysteresis of magnetization of ferromag-
netics.
It is well known that ferromagnetism is of spin ori-
gin. The exchange interaction in ferromagnetics causes
the spins align. At the same time, the requirement of a
minimum of the total energy of the system leads to its
splitting into domains with opposite spin orientations. A
change of the magnetic field results in spin flip process
near the domain walls causing their “motion”. However,
due to a disorder the transformations of domain struc-
ture is retarded with respect to the external magnetic
field change. This is the reason of hysteresis with pos-
itive coercivity in ferromagnetics. While in a 2DEG a
small changes of the external magnetic field lead to sharp
motion of the boundary of the incompressible liquid and
causes the hysteresis with negative coercivity.
Earlier it has been found7 that the hysteresis of mag-
netoresistance is suppressed by temperature. It has been
shown that the amplitude of hysteresis linearly increases
as the temperature decreases and saturates at certain low
temperature (∼400 mK). The non-equilibrium magneti-
zation of a 2DEG has similar temperature dependence.15
The hysteresis of magnetization of ferromagnetic mate-
rials is also suppressed by temperature but it has differ-
ent functional dependence described by Weiss theory of
ferromagnetism.12
It should be noted that NECs in the QHE regime are
induced by sweep of the magnetic field and can be consid-
ered as eddy currents as they are often called. However,
in ferromagnetics it is enough to reduce the sweep rate
to eliminate the influence of eddy currents. In this sense
eddy currents in ferromagnetics are time-dependent be-
cause of finite longitudinal conductivity σxx. While in a
2DEG in the QHE regime when σxx ≈ 0 the generation
of NECs is inescapable at any reasonable sweep rate. Ac-
cording to our results NECs relaxation lasts for hours af-
ter stopping the magnetic field sweep. In Ref. [25] NECs
have been shown to circulate for many hours. In terms
of Ref. [12] under conventional experimental conditions
NECs can be considered as time-independent.
V. CONCLUSIONS
We have shown that sweep of the magnetic field in the
QHE regime results in drastic changes of electrostatic po-
tential in the bulk with respect to the edge if the inter
Landau levels scattering is suppressed. This leads to gi-
ant magnetization currents flowing along the edge and
topological transitions in a 2DEG with a constriction.
The latter results in changes of magnetoresistance.
The hysteresis of magnetoresistance of a 2DEG in the
QHE regime has significant phenomenological similari-
ties with the hysteresis of magnetization of ferromag-
netic materials, showing multistability, jumps of relax-
ation, temperature suppression and having the anhys-
teretic curve. At the same time a fundamental difference
expressed in anti-coercive hysteresis behavior of the mag-
netoresistance has been found.
The possible causes of the limitations of the inter Lan-
dau level scattering as well as the possible limiting mech-
anisms of NECs are beyond the scope of this article and
require further investigation. However we have exper-
imentally shown that NECs are induced in a narrow
(∼0.5µm) area along the edge.
Despite the large number of studies devoted to the non-
equilibrium state of a 2DEG induced by the sweep of the
magnetic field in the QHE regime there is no clear under-
standing of the phenomena at a microscopic level as well
as a systematic phenomenological study of the depen-
dence of the phenomena on parameters of heterostruc-
tures and conditions of epitaxial growth up to date. Un-
fortunately the NECs are insensible in a conventional
transport measurement in a linear response regime due
to zero longitudinal resistance. In such measurements
the condition of the 2DEG is not clear in advance. Such
8uncertainty can bring unexpected difficulties in studies of
a 2DEG in the QHE regime, such as the study of QHE
breakdown by the electric current, that has no full and
consistent model up to date (see for a review Ref. [29]).
The present study raises the issue of the need to search
critical parameters that define the phenomena and ex-
plain the phenomena at a microscopic level. Therefore,
some existing concepts on the phenomena in 2DEG in
the QHE regime can be extended or revised taking into
account the found non-equilibrium.
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